Objective-The role of endothelial G protein-coupled receptor kinase 2 (GRK2) was investigated in mice with selective deletion of the kinase in the endothelium (Tie2-CRE/GRK2 fl/fl ). Approach and Results-Aortas from Tie2-CRE/GRK2 fl/fl presented functional and structural alterations as compared with control GRK2 fl/fl mice. In particular, vasoconstriction was blunted to different agonists, and collagen and elastic rearrangement and macrophage infiltration were observed. In primary cultured endothelial cells deficient for GRK2, mitochondrial reactive oxygen species was increased, leading to expression of cytokines. Chronic treatment with a reactive oxygen species scavenger in mice corrected the vascular phenotype by recovering vasoconstriction, structural abnormalities, and reducing macrophage infiltration. Conclusions-These results demonstrate that GRK2 removal compromises vascular phenotype and integrity by increasing endothelial reactive oxygen species production. (Arterioscler Thromb Vasc Biol. 2013;33:2415-2424.) (G.I.). The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/
E ndothelium is a cellular monolayer separating blood from parenchymal tissue. Despite this anatomic simplicity, its physiological complexity allows the control of several vascular functions, including permeability, tone, and angiogenesis, by integrating the multiple stimuli from the bloodstream and elaborating a response through release of specific factors. Adrenergic mechanisms controlling endothelial function have been studied during these years, culminating in the observation that endothelium produces catecholamines 1 through which to regulate specific functions, such as vascular tone and angiogenesis, 2 endothelial nitric oxide synthase (eNOS) activity, 3 and intracellular specific pathways by activation of β adrenergic receptor (βAR) signaling. 4, 5 βAR signaling is in turn heavily regulated, as verified in other tissues, and, in particular, βARs undergo G protein-coupled receptor kinase (GRK)-mediated desensitization. [6] [7] [8] Interestingly, GRK2 has also been demonstrated to regulate eNOS phosphorylation in AKT-dependent manner. 9 The role of GRK2 in physiopathology has been mainly studied at cardiac level, where both biochemical and transgenic studies have demonstrated that during congestive heart failure [10] [11] [12] its increased levels contribute to the progression of the disease. Recent studies have also shown that increased GRK2 levels contribute to the endothelial dysfunction and defective vasorelaxation observed in transgenic model of type II diabetes mellitus. 13 Incoming evidence, however, indicates that GRK2 is able to regulate different molecules and cellular functions, such as inflammation, cellular proliferation, glucose uptake, and metabolism, by kinase-dependent and -independent mechanisms, [14] [15] [16] raising questions about the multiple roles played in the cell. In particular, a recent observation shows that GRK2 localizes at mitochondria level, where it plays a protective role during hypoxic/ischemic conditions by promoting mitochondria biogenesis and increasing ATP production. 17 Given the importance of mitochondria increased reactive oxygen species (ROS) and ATP production in endothelial dysfunction, 18, 19 the mitochondrial effects of GRK2 for endothelium appear to be particularly relevant. Hereby, to ascertain the function of endothelial GRK2, we used transgenic mice with selective deletion of GRK2 gene in the endothelium. Our results propose a protective role of GRK2 in the endothelium with effects on inflammation and macrophages and lipids infiltration in the vascular wall.
Results

GRK2 Endothelial Removal Affects Aorta's Receptor-Dependent and -Independent Vasoconstriction
First of all, we confirmed by reverse transcriptase polymerase chain reaction that Tie2-CRE/GRK2 fl/fl aortas present selective endothelial GRK2 removal. As shown in Figure IA in the online-only Data Supplement, GRK2 expression is reduced in Tie2-CRE/GRK2 fl/fl aorta compared with GRK2 fl/fl , which is indicative of GRK2 deletion in the endothelium and presence in the other layers (media and adventitia). This result was confirmed by the finding of no difference in GRK2 expression, after removing endothelium from both GRK2 fl/fl and Tie2-CRE/GRK2 fl/fl .
In our previous studies, to evaluate vasorelaxation to the different agonists, aortas were preconstricted with increasing concentration of the α1 adrenergic agonist phenylephrine. However, this was the case only for GRK2 fl/fl , whereas Tie2-CRE/GRK2 fl/fl showed an impaired response to this drug ( Figure 1A ). To further evaluate this result, we used other different compounds known to increase vascular tone such as Ser, Oxy, and KCl; this last one allows the evaluation of receptor-independent vasoconstriction. As shown in Figure 1B to 1D, all these agonists present a defective vasoconstriction as compared with GRK2 fl/fl mice. To find an explanation for these results, in isolated GRK2 fl/fl endothelial cells (ECs), we evaluated the possibility that GRK2 may coimmunoprecipitate with Akt or eNOS, as suggested by previous studies 9, 13 that indicate the ability of GRK2 to affect the Akt/eNOS axle. Therefore, GRK2 removal may potentially enhance vasodilation through increased eNOS activation and inhibit vasoconstriction. As shown in Figure IB in the online-only Data Supplement, none between Akt and eNOS appeared to directly or indirectly interact with GRK2. Moreover, GRK2 removal by infection adenovirus encoding for CRE recombinase ( Figure IC in the online-only Data Supplement) does not modify levels of eNOS phosphorylation ( Figure ID in the online-only Data Supplement). Finally, we also evaluated the effects of endothelial removal on vasoconstriction. Effective endothelial removal was confirmed by observing paradox vasoconstriction to acetylcholine (data not shown). With this maneuver, aortas displayed a partial recovery of vasoconstriction, which, however, was not completely restored as compared with GRK2 fl/fl . All together, these observations indicate that the defective vasoconstriction observed in Tie2-CRE/GRK2 fl/fl mice is not related to a functional alterations involving eNOS activation but rather to structural abnormalities, leading to the need of histological studies on aorta sections.
Increased Vascular Inflammation and Tissue Degeneration in Tie2-CRE/GRK2 fl/fl Mice
The tunica media of the aorta consists of regular concentric elastic lamellae, between which are smooth muscle cells, collagen, and elastic fibers. Histological studies by Masson trichrome showed that aorta from GRK2 fl/fl mice, used as Figure 1 . A-D, Effect of selective endothelial G protein-coupled receptor kinase 2 (GRK2) deletion on aortic vasoconstriction. Vasocontriction was tested in response to α 1 adrenergic agonist phenylepherine (10 -8 to 10 -6 mol/L), 5-hydroxytryptamine receptor 1 agonist serotonine (10 -8 to 10 -6 mol/L), oxytocin (10 -7 to 10 -5 mol/L), and to potassium chloride (KCl; 12.5 mmol/L). Defective vasoconstriction can be observed for all the above agonists in Tie2-CRE/GRK2 fl/fl (*, !, #, *! vs GRK2 fl/fl ; P<0.05; 2-way ANOVA). Endothelium removal from Tie2-CRE/GRK2 fl/fl aortas (Tie2-CRE/GRK2 fl/fl -end) produces partial and not significant recover after endothelium removal of vasoconstriction to the above drugs (vs Tie2-CRE/GRK2 fl/fl ; ns). control, has a normal tunica media with intact elastic lamellae characterized by their peculiar wavy look (Figure 2A , blue arrows). Instead, Tie2-CRE/GRK2 fl/fl aorta is collapsed and the internal elastic lamina and the elastic lamellae within the tunica media are mostly stretched (Figure 2A , black arrows). Also, matrix between elastic lamellae is increased (black stars), indicating an altered deposition of collagen ( Figure 2B ). To deeply investigate the modifications in Tie2-CRE/GRK2 fl/fl aorta, transmission electron microscopy analysis was performed. Control GRK2 fl/fl aorta has a preserved media structure, which is composed of smooth muscle cells with normal appearance and parallel orientation with respect to the thick and compact elastic lamina and lamellae, which confers the ability to equally transmit contractile force to the entire vessel. Moreover, complex bundles of collagen fibers (CF) tightly adhere to the lamellae ( Figure 2C , blue arrows). In Tie2-CRE/GRK2 fl/fl aortas, instead, we observed presence of matrix vesicles and degeneration and altered deposition of CFs ( Figure 2C , blue arrows), which appear fragmented and mostly detached from the elastic lamellae. These latter also are thinner and less compact than in controls ( Figure 2C , yellow arrows). Noteworthy, smooth muscle cells display a pyknotic nucleus with marked chromatin condensation and peripheral margination, indicating presence of an apoptotic process. This morphology prompted us to evaluate presence of inflammation and, in particular, macrophage infiltration into the vessels. Immunohistochemistry revealed an extensive infiltration of macrophages in Tie2-CRE/GRK2 fl/fl aortas with respect to controls ( Figure 2D , black arrows), which may be responsible for the observed alterations of the media. Indeed, we found increased mRNA and protein expression of metalloproteinase 2 and 9 (MMP2-9), which are produced by macrophages and known to be involved in collagen matrix degradation ( Figure 3A and 3B ). Furthermore, the macrophage chemoattractant protein-1 resulted to be increased in Tie2-CRE/ GRK2 fl/fl with respect to control ( Figure 3A and 3B). Because the alterations observed in vascular endothelium of the Tie2-CRE/GRK2 fl/fl may be extended to other organ and tissues, we performed histological analysis by Masson and immunohistochemistry on lungs from Tie2-CRE/GRK2 fl/fl and control mice. We found collagen degradation ( Figure IIIA . This latter appears collapsed with straight elastic lamina and lamellae (black arrows) and increased interlaminae matrix deposition (black star), which is quantified in B as a percentage of total aortic wall (*vs GRK2 fl/fl ; P<0.05). C, Transmission electron microscopy on GRK2 fl/fl and Tie2-CRE/GRK2 fl/fl aortas. In GRK2 fl/fl aorta, elastic lamina (EL) is thick and compact with tightly adhering bundles of collagen fibers (CF). Matrix between laminae is mostly occupied by smooth muscle cells (SMCs). Tie2-CRE/GRK2 fl/fl has a thinner EL (yellow arrows) with detached CF that appears mostly fragmented (blue arrows). Pycnotic SMC nucleus and presence of matrix vesicles can be also noted. D, Immunohistochemistry analysis performed on thoracic aorta. Detection of the F4/80 macrophage fragment reveals an extensive macrophage infiltration in Tie2-CRE/ GRK2 fl/fl (black arrows) aorta as compared with GRK2 fl/fl aorta. October 2013 Endothelial cell and macrophages have the same myeloid origin, which means that during embryogenesis the Tie2 promoter could be activated in both cell lines. To ascertain that grk2 gene is not removed also in leukocytes, we isolated macrophages of Tie2-CRE/GRK2 fl/fl and GRK2 fl/fl mice from peritoneum and performed Western blot analysis to measure GRK2 protein expression. We did not observe any significant difference in GRK2 expression in macrophages from the 2 groups of animals (data not shown).
GRK2 Gene Deletion From Endothelial Cells Induces Increased ROS Production
The above data indicate that selective knockout of GRK2 in the endothelium produces a dramatic modification of the phenotype of these transgenic mice, characterized by vascular inflammation and defective vascular reactivity. To identify the specific alteration of the endothelial cells, we performed in vitro studies using intact mitochondria isolated from GRK2 fl/fl EC and bovine aortic endothelial cells (BAEC), respectively treated with adenovirus encoding for CRE recombinase and small interfering RNA for bovine GRK2, to induce GRK2 knockdown ( Figure IC and IE in the onlineonly Data Supplement). In particular, we evaluated mitochondrial ROS production basing on 2 evidences: the recent discovery of GRK2 localization in mitochondria, where it exerts a positive effect on ATP production and biogenesis, 17 and the known role of endothelial ROS in physiopathology of vascular diseases. 20 GRK2 removal from EC by adenovirus encoding for CRE recombinase infection produces a typical senescent morphology of the cell ( Figure IIC in the onlineonly Data Supplement), which may be related to an altered ROS production. Indeed, we observed in both GRK2 fl/fl EC and BAEC that GRK2 reduction by adenovirus encoding for CRE recombinase and small interfering RNA significantly increases ROS production ( Figure 4A and 4B). Increased ROS production was also observed in the aorta from Tie2-CRE/GRK2 fl/fl mice ( Figure IID in the online-only Data Supplement) stained with 2',7'-dichlorfluorescein-diacetate. To pin down the role of ROS in the above described modifications, we treated endothelial GRK2 fl/fl cells and BAEC with the antioxidant α-tocopherol (vitamin E), which significantly attenuated ROS production when GRK2 gene was deleted ( Figure 4A and 4B) .
Moreover, GRK2 knockout in GRK2 fl/fl cells increased the expression of interleukin 1, interleukin 10, and macrophage chemoattractant protein-1, as evaluated by reverse transcriptase polymerase chain reaction and ELISA assay, indicating that endothelial cells are directly involved in leukocyte migration ( Figure 4C and 4D) , and the same result was obtained in BAEC treated with GRK2 small interfering RNA ( Figure 4E ). However, α-tocopherol treatment significantly reduced cytokine expression in both cell lines with GRK2 removal (Figure 4C-4E) , indicating potential therapeutic effects of α-tocopherol on vascular inflammation.
Chronic Treatment With α-Tocopherol Ameliorates Vascular Inflammation and Restores Aortic Vasoconstriction
Because the antioxidant α-tocopherol has shown the ability to cut down mitochondrial ROS production in vitro, we tested whether the same treatment could ameliorate the inflammation Figure 4 . Endothelial G protein-coupled receptor kinase 2 (GRK2) reduced level increases reactive oxygen species (ROS) production and cytokine expression. A, ROS production was evaluated in isolated mitochondria from GRK2 fl/fl endothelial cells (ECs) infected with adenovirus encoding for CRE recombinase (ADCRE) and ADLacZ, with or without tocopherol treatment. ROS production has been evaluated by incubation of mitochondria with DCFH as described in the Materials and Methods in the online-only Data Supplement. ADCRE increases ROS production as compared with ADLacZ (*vs ADLacZ; P<0.05) but is significantly attenuated by antioxidant treatment (!vs ADCRE+vehicle; P<0.05). Data are expressed as total fluorescence intensity. B, Similarly to A, ROS production was evaluated in bovine aortic endothelial cell (BAEC) transfected with small interfering RNA (siRNA) for GRK2 and scramble, in presence or not of tocopherol treatment. GRK2 knockdown enhances mitochondrial ROS production (#vs scramble; P<0.05) but is reduced by tocopherol treatment (*!vs siRNA-GRK2+vehicle; P<0.05). C, mRNA levels of macrophage chemoattractant protein-1 (MCP-1), interleukin-1 (IL-1), and IL-10 were evaluated on GRK2 fl/fl endothelial cells, with or without tocopherol treatment. GRK2 fl/fl ECs were infected with ADCRE, to induce GRK2 gene deletion, and ADLacZ used as control. ADCRE+vehicle increases MCP-1, IL-1, and IL-10 gene expression as compared with ADLacZ (**vs ADLacZ+vehicle; P<0.05). Tocopherol treatment significantly reduces cytokine expression (***vs ADCRE+vehicle; P<0.05). D, Cytokine production was evaluated in culture medium from GRK2 fl/fl EC infected with ADLacZ or ADCRE. ADCRE infection significantly increases MCP-1, IL-1, and IL-10 protein levels (##vs ADLacZ+vehicle) but they are decreased by tocopherol treatment (###vs ADCRE+vehicle). Data are expressed as pixel density. E, As above, mRNA levels of MCP-1, IL-1, and IL-10 were evaluated on BAEC transfected with bovine siRNA for GRK2 or scramble, in presence of tocopherol or vehicle treatment. siRNA-GRK2 produces increased cytokine gene expression (!!vs scramble+vehicle; P<0.05), which is then significantly reduced by tocopherol treatment (!!!vs siRNA-GRK2+vehicle; P<0.05).
affecting aorta and lung of Tie2-CRE/GRK2 fl/fl mice. First of all, we evaluated the effects of α-tocopherol chronic treatment on in vivo inflammation by measuring nitrate production, which is expression of increased inducible nitric oxidase synthase and leukocytes activity, in blood and urine samples from GRK2 fl/fl and Tie2-CRE/GRK2 fl/fl mice. As expected, Tie2-CRE/GRK2 fl/fl mice showed increased nitrate production in blood and urine samples, which were reduced by α-tocopherol treatment ( Figure IIA and IIB in the online-only Data Supplement). Thus, we evaluated the possible ability of the antioxidant to attenuate or recover vascular damage induced by increased endothelial ROS production. α-Tocopherol treatment significantly blunted the increased expression of macrophage chemoattractant protein-1 and MMP-2-9 in the aorta of Tie2-CRE/GRK2 fl/fl mice, which was no longer different as compared with that of GRK2 fl/fl aorta ( Figure 3A-3E) .
Immunohistochemistry on aortas revealed that the robust macrophage infiltration in Tie2-CRE/GRK2 fl/fl ( Figure 5A and 5B, black arrows) was reduced by α-tocopherol treatment, and morphological analysis with Masson showed that elastic lamellae were newly folded, recovering the typical wavy look ( Figure 5C , black arrows), whereas matrix between lamaelle was reduced ( Figure 5C , black star), indicating regression of collagen deposition, as also quantified in Figure 5D . Similarly, in lungs we observed absence of macrophage infiltration after α-tocopherol treatment ( Figure IIIC and IIID in the online-only Data Supplement). Inflammatory modifications observed in the aortas of Tie2-CRE/GRK2 fl/fl are typical of several vascular diseases, including atherosclerosis. Because vascular inflammation and atherosclerosis are both related to the presence of endothelial dysfunction and loss of vascular integrity, we evaluated lipid deposition in thoracic aorta wall by Oil Red O staining. Tie2-CRE/GRK2 fl/fl shows a significant increase in lipid deposition with respect to GRK2 fl/ fl aorta ( Figure 5E ). Also, aorta cross-sections ( Figure IIE in the online-only Data Supplement) show that lipid accumulation is not organized in an atherosclerotic plaque that indicates presence of an early atherosclerotic lesion. Indeed, proteoglycan accumulation, which is a typical alteration of advanced stage of atherosclerosis, was not observed in both aorta samples from GRK2 fl/fl and Tie2-CRE/GRK2 fl/fl mice (data not shown). Of note, aorta Oil Red O staining showed a significant reduction in lipid deposition after tocopherol versus not treated animal samples as evaluated in both gross morphology ( Figure 5E ) and cross-sections of the aorta ( Figure IIE Finally, we evaluated whether the beneficial effects brought by α-tocopherol at structural and biochemical levels can be also extended to the vasomotor responses. As evidenced in Figure 6 , α-tocopherol administration significantly restored receptor-dependent and -independent vasoconstriction to the different compounds used in this study (Figure 6A-6D ) and, notably, at same levels of GRK2 fl/fl mice. Nonetheless, restored vasoconstriction is also accompanied by receptor-dependent (acetylcholine and isoproterenol) and -independent (sodium nitroprusside) vasodilation as shown in Figure 6E -6G. All together, these indicate that inflammatory modifications induced by GRK2 endothelial removal can be significantly attenuated by a ROS scavanger.
Discussion
Vascular integrity and function are preserved and regulated by endothelium. This accepted knowledge underlies complex molecular mechanisms, which allow the endothelium to regulate functions such as cellular migrations and metabolite passages. Our data for the first time show that the presence of GRK2 in the endothelial cell is necessary for the proper functioning of the endothelium. GRK2 removal from the Figure 6 . Effect of α-tocopherol treatment on vasomotor responses. A-D, Vasocontriction was evaluated as above to the maximal concentrations tested: phenylepherine (Phe; 10 -6 mol/L), serotonine (10 -6 mol/L), oxytocin (10 -5 mol/L), and to potassium chloride (KCl; 12.5 mmol/L). Significant recovery of vasoconstriction can be observed in Tie2-CRE/ GRK2 fl/fl treated with the antioxidant with respect to vehicle (*, !, #, *!vs Tie2-CRE/ GRK2 fl/fl +vehicle; P<0.05; 2-way ANOVA). E-G, Vasodilation was evaluated in GRK2 fl/fl and Tie2-CRE/GRK2 fl/fl mice treated with α-tocopherol in response to acetylcholine (10 -9 to 10 -5 mol/L) and isoproterenol (3×10 -10 to 10 -7 mol/L) for endothelial-dependent vasorelaxation, and sodium nitroprusside (10 -9 to 10 -5 mol/L) for endothelial-independent vasorelaxation, after maximal vasoconstriction induced by Phe 10 -6 mol/L. No significant differences were found between the 2 groups (2-way ANOVA). endothelium associates to an inflammatory state of the vessel wall, as evidenced by elastic and CF degeneration, defective vasoconstriction, and increased lipid deposition into the aortic wall of Tie2-CRE/GRK2 fl/fl mice. This feature is generalized because inflammation can be found also in other tissues rich in endothelium, such as lung. The underlying mechanism appears to be the increased endothelial ROS production because chronic treatment of Tie2-CRE/GRK2 fl/fl with tocopherol, a ROS scavenger, reduces aorta and lung inflammation and restores aortic receptor-dependent and -independent vasoconstriction. These observations unveil the crucial role played by GRK2 in the vascular homeostasis, indicating that its role is fundamental not only for the embryonic development as previously described 21 but also for the adult life. Our previous report has described the ability of GRK2 to localize at the mitochondria level, in particular, when the cells are exposed to hypoxia. This phenomenon has favorable effect on cell metabolism, by preserving ATP production and mitochondrial biogenesis. In pathological models such as hyperglycemia or hypertension, mitochondrial ROS generation is increased, and targeting ROS by antioxidants such as α-tocopherol 20 improves endothelium function 22 and reduces expression of adhesion molecules, such as vascular cell adhesion protein 1, on endothelial surface. 22, 23 In this study, we have observed that GRK2 removal from cell increases mitochondrial ROS production, which can be cut down using a lipophilic antioxidant, such as vitamin E. This mechanism appears quite specific for the transgenic model used in this study because we did not observe influence of GRK2 removal on eNOS activity, which is a known regulator of vascular responses. Indeed, previous studies have identified GRK2 as an important regulator of eNOS phosphorylation and activity. 9 Specifically, GRK2 appears to be able to bind and sequester Akt, rendering it unavailable for eNOS activation. Then, lacking of GRK2 would remove a potential brake on Akt activity and leading to eNOS overactivation and vasodilation, which may explain the defective vasoconstriction in Tie2-GRK2 fl/fl aortas. However, this was not the case in our system, where GRK2 does not show ability to interact either with Akt or eNOS, and also GRK2 removal from EC does not produce any significant modification in eNOS phosphorylation and activation.
Our data add new knowledge along the way to explore GRK2 role in mitochondria, concluding that it participates in the mitochondrial redox reactions and contributes to the physiological functioning of the cell. Even if this finding is not supported by a complete explanation of the mechanisms through which GRK2 interferes with the mitochondrial functions, however, basing on our previous finding that GRK2 localizes in mitochondria and promotes mitogenesis, we can hypothesize that GRK2 deals with mitochondrial integrity and regeneration. In particular, GRK2 may favor mitochondrial localization of important proteins belonging to the mitochondrial complexes, and its absence will then reduce ATP production, as previous demonstrated, and increase ROS production, as evidenced here. Nonetheless, we here demonstrate that GRK2 is not only fundamental for cardiovascular development during embryogenesis but is also important for cellular integrity and function during adult life by regulating a mitochondrial function such as ROS production, which in turn is important for development of several vascular diseases.
Indeed, GRK2 has been associated with cardiovascular diseases such as congestive heart failure and hypertension, 10, 11 but through the years this kinase has been related also to other complex diseases such as type II diabetes mellitus, Alzheimer, rheumatoid arthritis, and atherosclerosis. [24] [25] [26] Of note, these conditions share the common feature of being initiated and perpetrated by an inflammatory process, which, as known, involves release of cytokines and migration of leukocytes and lymphocytes from the bloodstream to the parenchymal tissue. Here we observe a similar phenotype, because removing GRK2 from endothelium induces cytokine production and macrophage migration into the vascular media, where they release metalloproteinases, such as MMP-2 and MMP-9, corrupting the elastic fibers and CFs of the vessel. Moreover, the physical interlinkages between components of the tunica media, made by CFs that extend through fenestration of the parallel elastic lamellae, are important in maintaining structural integrity and physicomechanical properties of the aortic wall, 27 and their disruptions, such as those observed in Tie2-CRE/GRK2 fl/fl mice, are implicated in disease processes, such as atherosclerosis, 28, 29 aneurysm formation, 30 and in ageing. 31 In our study, we were able to rescue these vascular alterations and recover defective vasoconstriction in Tie2-CRE/GRK2 fl/fl by chronic administration of vitamin E, which reduces endothelial ROS production from mitochondria. Besides the specific cellular lineage used in this study, this and our previous studies raise the importance for GRK2 in mitochondrial regulation, indicating that the optimal therapeutic strategy for treatment of chronic inflammatory diseases would be to restore and increase GRK2 localization at mitochondria level, to attenuate the increased ROS production observed during chronic inflammation.
Apparently, our study contradicts the knowledge that accumulating GRK2 is deleterious for the cell and it may appear provocative as it shows that GRK2 is protective in the vasculature. On the contrary, our data are in agreement with previous observations that GRK2 gene deletion is detrimental for embryonic cardiac development, 21 and in adult life, cardiac-selective GRK2 removal alters the cardiac hypertrophic response to chronic βAR stimulation, leading to an eccentric dilatation of the heart similar to that observed in intermediate-advanced phases of heart failure. 32 To reconcile these apparently contradictive evidence, we need to take in account 2 findings: first, ours is a gene deletion model, which cannot be considered the reciprocal of GRK2 accumulation observed in pathological conditions; second, GRK2 is a complex molecule, which was demonstrated to interact and regulate several substrates through its kinase activity, regulator of G-protein signaling and pleckstrin homology domains, giving it the ability to have multiple regulatory roles into the cells. 33, 34 Moreover, the only effective therapeutic strategy aiming to counteract GRK2-mediated receptor desensitization at plasma membrane level, for example, on beta adrenergic and insulin signaling, has used the carboxyl terminal portion of GRK2 (βARKct), whose mechanisms in animal models of cardiovascular diseases are not completely unveiled. This molecule represents the carboxyl terminal portion of GRK2, which retains the ability to localize at plasma membrane-binding Gβγ subunit through the PH domain, but lacks the kinase activity. 35, 36 βARKct displaces from plasma membrane but does not inhibit GRK2 activity, which is then theoretically free to move into other compartments like mitochondria where it can accomplish its protective role.
Therefore, an integrative and fascinating hypothesis would provide that GRK2 plays different roles into the cell according to its subcellular localization or compartmentalization, furnishing also a complete explanation for the positive effects of βARKct for cell functioning during disease.
Of course, this hypothesis needs to be confirmed with further studies by evaluating the roles of GRK2 in different cellular compartments, but it is already becoming evident that we need to move in a different way to target GRK2 in a therapeutic strategy. Indeed, if increased levels of GRK2 are negative for cell function, on the other side a complete reduction or inhibition of the kinase level or activity is dangerous as well. Thus, a new perspective therapy includes a tight modulation of GRK2 activity and level into the cell, taking also into account the specific role played by GRK2 in the different cellular compartments.
